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SECTION 1
INTRODUCTION

The National Aeronautics and Space Administration (NASA) is

planaing to launch a Jupiter Orbiter Probe during 1984, The goals of the

mission (recently designated Galileo) are to explore the planet Jupiter

and to gather clues to the origin of the solar system. The probe wil]

carry an array of instruments for investigating the Jupiter atmosphere,

including instruments to measure the atmospheric composition and pPY em 3

local radiative energy balance,

Because Jupiter is a massive planet, with roughly six times the

gravity of Earth, the inertial velocity of the entry probe will be

PO N TR R

approximately 60 km/sec. However, Jupiter has a high rotational speed of

about 12 km/sec. Using this rotational speed during the entry trajectory

results in a relative entry velocity of roughly 48 km/sec. Because this

is a hypersonic entry into a highly radiatively participating atmosphere,

5
. & <

strong shocks envelope the probe, creating an extremely hostile radiative
)
-} and convective heating environment.
|
iﬁ To accommodate the intense entry heating, effective thermal
y

protection systems must be designed. The heatshield must be able to
withstand ihe intense heating,

yet be light enough that a maximum payload

of scientific instruments can be housed. Carbon-phenolic has been

identified as the baseline material for this mission.

%

e e T

As earlier studies
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show, carbon-phenolic can provide the required thermal protection for a
heatshizld weight allocation of 30 to 4% percent of the probe weight,

The heatino enviroment is the primary factor affecting the weight
of the heatshield. Predictions of the heating environment must consider
several physical parameters including the atmospheric composition of the
planet, the probe configuration, entry angle and velocity, and the probe
shape change effects. Radiative and convective heating rates are also
significantly affected by the massive blowing. Figure 1-1 shows the

~candidate Galileo probe configuration.

The objectives of the present study are to gencrate heating
environments for the entry probe, to define an experiment to assess the
importance of heatshield spallation, and to fabricate graphitic materials
that contain transition metals. Additional objectives of this study are
to investigate the vortical layer effects on cold wall convective heating
rate and to assess the importance of entropy layer on cold wall radiative
heating rate,

The following sections present the results of this study. Section ?
develops a valid procedure for predicting wall heating and ablation rates
about the probe forebody. Solutions for Jupiter Orton model nominal
atmospheric entry are obtained and are compared with other existing
solutions. Solutions are also presented for the candidate Galileo probe
at entry conditions for which results are not availabloe.

Entropy layer effects on convective heating rate are analysed and
the computed results are presented in Section 3. The momentum-enerqy
integral technique is used to assess the influence of vortical Tayer on

heating rate,

te . _ - W ",'-:,.“' ,\_\ = : P £Ei : TR R S M' e e e s g
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Hemispherical
afterbody

RN/RB = 0.5

A-17097¢

Figure 1-1. Entry Probe Configuration
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The heating environment drives the material response which is
usually estimated assuming that thermochemical ablation is the only
mechanism for mass removal. However, if the heathsield loses material by
mechanical erosion or spallation, the weight of heatshield will increase.
This increased weight is a real threat to the Galileo mission. To assess
the inportance of spallation, an earlier study recommended an experimental
approach. In Section 4, results of a feasibility study to perform an
experiment, a candidate test facility, and a test matrix are presented.

Though carbon-phenolic has been identified as the candidate
heatshield material for the Galileo probe, the severe entry heating
conditions and the large required weight of heatshield, prompted a
recommendation to investigate newly developed metal containing
carbon-carbon materials. Section 5 summarizes the material selection,
fabrication, and evaluation ¢f the metal containing carbon-carbon
composites for use on the Galileo probe.

Several models are available to describe the Jovian atmospheric
structure. The effect of the various models on entry heating environment
are investigated in Section 6. Entry trajectory calculations performed
earlier assumed that the planet is a sphere. However, planet Jupiter is a
oblate spheroid. The effect of nonspherical shape of the planet on entry

trajectory is alsc considered in Section 6.

1-4
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SECTION 2

OFF-STAGNATION POINT FLUWFIELDS
FOR PLANETARY ENTRY PROBES

The important physical events encountered during planetary entry
are significantly di{feircnt from those encountered during earth reentry.
In particular, the shock layer radiation causes massive ablation from the
wall which affects the entire flowfield; the viscous/mixing region assumes
the character of a free shear/mixing region instead of a boundary °ayer.
This requires a significantly different modeling approach. Transition and
turbulence are also important since they change the character of the
mixing layer and, consequently, change the radiation flux reaching the
wall. Therefore, benchmark solutions of the radiation coupled flowfield
equations are necessary to (1) understand the physical events driving the
aerothermodynamic heating, (2) support the design of candidate heatshields,
and (3) support the selection of approximate methods and/or cor.-elations
for use in engineering trade studies.

The objective of the present study is to develop a valid procedure
for predicting wall heating and ablation rates about the probe body.
Methods for predicting these quantities at the stagnation point were
described in a previous study (Reference 2-1). In the present study, the
methodology is extended to off-stagnation conditions. Emphasis is on

(1) the nonsimilar terms in the equations, (2) the turbulence terms, and

2-1
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(3) the solution procedure, Reference 2-2 discusses the formulation and

solution Procedure, Thig discussion presents solutions, compares

a driver to Produce a high

Instrumentation included

transfer distribution along the tube during steady flow conditions, A
schematic of the apparatys and the flow conditions are given in

Figure 2-1, This is a moderate Reynolds number; supersonic flow of
high-temperature dissociated air composed primarily of nitrogen, oxygen,
and oxygen atoms., The ratio of edge-to-wall temperatyre puts this

transition occurs (tripping the boundary layer simply ensures turbulent

flow beyond the 2.5 cm station), The Precise location of transition is

useful when comparing analyses to data because it eliminates the

uncertainty caysed by intermittent turbulent fiow,

2-2
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Figure 2-1. Schematic of Hopkins and Nerem's Apparatus

The predictions, compared to the data in Figure 2-2, are comprised
of two different codes and five versions of the mixing length model. The
present code, without density in the expression for the mixing length, is
in very good agreement with the data and is closer than any of the
others. With density in the mixing length equation, the present procedure
significantly overpredicts the data.

The other predictions shown in Figure 2-2 were made with the
Boundary Layer Integral Matrix Procedure (BLIMP) as modified by Bonnett
and Evans (Reference 2-5). BLIMP is a well-developed, widely used,
nonradiating boundary layer prediction technique which has, as alternate

options, the mixing length models of Kendall, et al., (Reference 2-6),
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Figure 2-2. Comparison of Heat Transfer Predictions with the Data
of Hopkins and Nerem (Reference 2-4)

Beckwith and Bushnell (Reference 2-7), and Cebeci and Smith (Reference 2-8).

It is immediately evident that the turbulent models with density (the Kendall

and the present model), significantly overpredict highly cooled wall boundary

layer heat transfer. The other models show much better agreement with the

Tevel and the trend of the data. This comparison indicates that the

incompressible mixing length expression is preferable for applications

involving highly cooled walls. Therefore, it is employed in the present study.

A second set of predictions was obtained for comparison with the

turbulent boundary layer data taken by Hartunian, et al. (Reference 2-9),

behind a moving shock wave, which was analyzed by Mirels (Reference 2-10)

using an approximate theory. Figure 2-3 shows that the present predictions,

the approximate analysis, and the data are all in excellent agreement.
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Shock Mach number (Ms)

Figure 2-3, Comparison of Predictions with Data of Hartunian et al.
(Reference 2-9) for Turbulent Heat Transfer in Air
A third set of predictions was obtained for comparison with the
turbulent boundary layer data taken by Martin (Reference 2-11) behind a
moving shock wave. Comparisons with directly measured quantities such as
temperature profiles were satisfactory; comparison with quantities derived
by the experimenter (velocity profiles and momentum thickness) were only

fair, but are within the uncertainties introduced in reducing and

interpreting the data.
2.2 FLOWFIELDS ABOUT PLANETARY PROBES

o Current candidate probe shape for the Jovian entry mission is a
spherically tipped 45 degree half angle cone. The important probe
configuration and flight parameters are 1isted in Table 2-1, and flight

conditions through the hypersonic heating pulse are pPresented in Table 2-2

2-5
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Table 2-1. Probe Configuration and Entry Parameters

Probe Configuration (spherically blunted conical forebody)

Half cone angle (degree) 45

Base radius ?m) 0.3112

Bluntness ratic 2

Probe mass (kg) 242

Drag coefficient 1.094

Ballistic coefficient (kg/m2) 181.82
Atmospheric Model (by Orton)

H2/He percentage (volume) 89/11
Entry Parameters

Inertial entry velocity (km/s) 60

Inertial entry angle (degree) -9

Entry altitude (km) 1000

Entry latitude (degree) -6.4

Aximuth angle of inertial

velocity vecter (degree) 72.5

for entries into the Orton nominal atmosphere. Moss (Reference 2-3) has
obtained solutions at some entry conditions (designated by asterisks).
Benchmark solutions are unavailable at any of the remaining flight
conditions prior to the present study.

A few initial solutions were obtained to assess the number of
iterations required to converge on the body shape. The Falanga and Olstad
(Reference 2-12) correlation with a slight smoothing in the corner region
is used to estimate the initial shock shape. A comparison between the
predicted and actual body shapes is shown in Figure 2-4 for flight
conditions corresponding to 109 sec after entry. The predictions were
obtained on the first iteration and compare quite well with the actual

body shape. Predicted and actual body shapes were also compared for two

2-6
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Table 2-2. Freestream Conditions
.-hui{éiévq Vf&;ﬁity D;;:;s;m-ﬂ
s) (kg/md)
99.9 48.07 | 2.651 x 1075
103.9 46.9 | 7.188 x 1075
107.2 44.83 | 1.635 x 107
109, 42.88 | 2.546 x 107
110.2% | 41.16 | 3.375 x 1074
111.3+ 39.29 | 4.364 x 107
112.2% 37.52 | 5.340 x 10”2
113.5+ 34.67 | 7.017 x 107%
114.2+ 33.01 | 8.053 x 10”4
115.3* | 30.31 | 9.892 x 10”2
116.4 27.54 | 1.203 x 1073
117.4 25.07 | 1.414 x 1073

*HYVIS (Moss, Reference

are available

LA s
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other flight conditions. In both cases, only one iteration was required,
since both predictions showed good agreement with actual shapes.

Unblown solutions were obtained at 111.3 sec for comparison with
the peak heating solutions of Moss (Reference 2-3), The radiative heating
rates to the wall, presented in Figure 2-5, shows that agreement is
excellent far back on the flank, and fair in the nose and overexpansion
areas, The difference in the stagnation region is due to the pressure
gradients employed in the calculation. The present methodology uses a
shock front radius of curvature, whereas Moss (Reference 2-3) uses the
body radius of curvature. According to the thin shock layer approximation
basic to both prediction procedures, the two radii of curvature are
identical. In reality, the shock radius of curvatures is somewhat larger,
making the body in the present procedure appear to have a larger nose than
it does in the Moss (Reference 2-3) procedure.

Solutions were also obtained at 111.3 sec with blowing and assuming
a steady-state surface energy balance. The radiative heating rates at the
wall are presented in Figure 2-6. The unblown heating rates replotted on
this figure confirm a major finding attributed to Moss (Reference 2-3):
the blown radiative heating rates overtake and surpass the unblown
radiative heating rates back on the cone. This effect is not yet
understood, but it is clearly associated with the turbulence in the flow.
It updates and modifies important lessons learned from earlier laminar
stagnation and off-stagnation point solutions.

Additional blown solutions obtained at 111.3 sec are presented in
Figure 2-7 for the flank region of the body. One set of predictions

presented in the figure shows the effect on the radiative heating rates of
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Figure 2-5, Comparisons with Moss (Reference 2-3) for Unblown
Turbulent Flows
varying the normalized wake mixing length (E;) at the first space station
after transition.* The radiative heating rates on the probe flank are
fortunately not very sensitive to changes in this parameter. The present
solutions are also compared with one obtained by Moss (Reference 2-3) in

the figure. Agreement is reasonably good in both level and trends.

)

*The initial value of the normalized wake mixing length (Eb) is a free
parameter in the solution procedure. 1ts value sets the virtual origin
of the turbulence. A baseline value of %, = 2 as obtained from a local
wake law, Equation (2-32) of Reference 2-3.
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Normalized velocity and enthalpy profiles are presented in Figures 2-8
and 2-9, respectively, Comparison between the present predictions and those
of Muss (Reference #-3) show important differences all across the shock
layer, Moss' solutions show significantly smaller gradients in the near wall
(y/8<.4) region which can be partially attributed to differences in the
dlowing rates; his are about 15 percent higher than those in the present
study. However, this is not likely to account for a significant fraction of
all the differences observed. Rpparently, the eddy viscosities nredicted in
the wall-law region differ significantly. Differences existing in the outer
region of the shock layer, as seen in Figure 2-8, were expected, and were
attributed to turbulent eddies in this region by the present model and to
laminar flow in this region by Moss' (Reference 2-3) model.

The heating rates at the s/RN = 2.61 station on the flank at

111.3 sec (corresponding to profiles presented in Figures 2-8 and 2-9) are:

Heating Rate Present Study Moss
Convective 12.7 MW/m 13.07 MW/m?
Radiative 74.6 MW/m 80.09 MwW/m2

Agreement is good relative to the needs of the heatshield designer. However,
this agreement is surprisingly good when taking into account the considerable
ditferences between the two models and between the predicted profiles. It
must be concluded that the heating rates to the wall (especially the dominant
radiative component) are not sensitive functions of the flowfield profile
details,

[t is also interesting to compare the normalized enthalpy profile to
the nommalized velocity profile for each of the predictive approaches.
Agreement is excellent, making Reynolds' analogy an excellent approximat ion

for such rlows.
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Figure 2-8. Velocity Profiles for Turbulent Flows With
Steady-State Blowing
Solutions were also obtained at the early flight conditions where
results were unavailable prior to the present study. The convective
heating rates are presented in Figure 2-10, and the radiative heating
rates are given in Figure 2-11. When generating these solutions,

transition i.as assumed to occur at the first space station off the

stagnation point. Interestingly, the maximum radiative and total heating
rates are seen occurring in between the stagnation point and the corner.
This indicates reattachment and the destruction of the ablation layer
shielding the wall from the shock layer radiation in the immediate region

of the stagnation point.
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Figure 2-9. Enthalpy Profiles for Turbulent Flows With
Steady-State Blowing
2.3 CONCLUDING REMARKS
On the basis of the present study, the following conclusions were
reached relative to the prediction of off-stagnation point flowfields, the
comparison with laboratory data, and the aerothermal cnvironments for B
Py Jovian entry: ]
e A previously developed prediction procedure (Reference 2-1) can
be upgraded to include nonsimilar terms, a turbulent mode! and
’ a matching procedure for obtaining solutions about the body
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A reasonable turbulent model can be postulated which draws
heavily from experience with free-mixing layers, jets and wakes

The use of the Falanga and Olstad (Reference 2-12) shock shape il

correlation allows satisfactory solutions to be obtained in %
only one iteration 1
The predictions compare well with the laboratory experiments b
of Hopkins and Nerem (Reference 2-4), Hartunian, et al. '
(Reference 2-9), Martin (Reference 2-11), and with the 5
approximate theory of Mirels (Reference 2-10) |
Fair agreement wa, obtained with the quantities Martin !
(Reference 2-11) derived from his data |
Satisfactory comparisor. with the wall heating rates of Mcss

(Reference 2-3) for both blown and unblown flows

The present predictions confirmed Moss' (Reference 2-3) finding

of an anamolous effect of blowing on the probe flank

Qualitative but not quantitative agreement was found with the

flowfield profiles of Moss (Reference 2-3)

Early time solutions for wall heating rates were obtained and

presented é
Peak heating was observed to occur at off-stagnation location

near the reattachment point where the ablation product layer

breaks up
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SECTION 3

ENTROPY LAYER EFFECTS ON GALILEO PROBE
CONVECTIVE HEATING ENVIRONMENT

As discussed in Section 1, the heating environment is the primary
factor affecting the weight of the heatshield. Predictions of the heating
environment must consider several parameters including the atmospheric
composition of the planet, the probe configuration, entry angle, entry
velocity, and the probe shape change effects.

The radiative and convective heating rates to the probe surface can
be determined either by the HYVIS code (Reference 3-1) or by the RASLE
code (Reference 3-2). These two available numerical procedures solve the
boundary layer form of the Navier-Stokes equations which consider
radiation, turbulence, and massive blowing. These two numerical
procedures are of the benchmark type; they require~4 to 5 min of computer
time for each solution and are expensive to use for parametric design
studies. Moreover, these two codes require careful attention in setting
up each computer run. These factors led to the development of approximate
methods which are computationally faster to obtain solutions.

For Galileo probe heatshield design parametric studies, the three
widely used computer codes are the Aerotherm developed Trajectory-Heating
Environment Techniques/Analysis (THETA) (Reference 3-3), General Electric

Company developed Thermodynamic Outer Planet Insulation Code (TOPIC)
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(Reference 3-4), and NASA-Ames Research center developed Coupled Entry
Code (Reference 3-5). These design tools use approximate governing
equations and/or correlations to estimate the radiative and convective
heating rates. Like most of the approximate methods, the codes are not
accurate. For example, the effects of flowfield gradients caused by the
bow shock curvature on the radiative and convective heat transfer are
neglected in these codes. The entropy layer is important under certain
flowfield conditions. Entropy layer effects are thought to be small for
large half-cone angled planetary entry probes and are, therefore, usually
neglected. However, the candidate Galileo probe is a sphere cone
configuration with the half-cone angle being set at 45 degrees.

The objective of this task is to determine, from basic governing
equations, the effect of entropy layer on the probe heating environment.
Only the convective heating history will be considered on this task. The
following subsections present a brief summary of previous research in this
area, the basic governing equations, solution procedure, and results
obtained for a 45 degree sphere-cone shaped probe entering the nominal
model (Orton) Jupiter atmosphere.

3.1 BACKGRCUND

Entropy layer or the vortical layer develops on blunt bodies at
hypersonic flow conditions due to the bow shock curvature. Neighboring
streamlines in a vortical layer pass through a varying shock wave angle
and attain different entropy levels. For the same static pressure, lowar
shock angle corresponds to lower entropy and higher velocity in the shock
layer. As the higher velocity streamlines are swallowed by the growing

boundary layer, the kinetic energy in the boundary layer and the heat
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transfer to the surface are increased; this increase in heat transfer may
be significant,

The influence of entropy layer on heat transfer rates has been
considered by the earth reentry vehicle design community. For analyzing
nosetip ablation response, particularly for a RV, only convective heating rate
is important. Ferri (Reference 3-6) presented approximate methods of heat
transtcr that included entropy gradient effects for the case of laminar
boundary layer. Experimental results indicated that entropy layer effects are
large and important. Rubin (Reference 3-7) presented a simple graphical
approach to determine the variation of the flow conditions at the outer edge
of a Taminar boundary layer over blunted cone resulting from entropy
gradierts. His results indicated a significant increase in convective heating
over levels computed on the basis of flow eminating through a normal shock.
Edquist (Reference 3-8) extended Rubin's work to turbulent boundary layers and
found that entropy effects increase the turbulent heat transfer rates by
factors of 2 to 3.

Recently, Dahm, et al. (Reference 3-9) developed a momentum/energy
integral technique (MEIT), which starts with and retains the exact boundary
layer equations. The effects of wall blowing, acceleration, curved shock, and
boundary layer properties are properly accounted for via the use of influence
coefficients. These influence coefficients are included in the formulation of
both the local Stanton number and friction coefficient.

A detailed development of the governing equations, solufion procedure,
and validation of MEIT methodology are described in Reference 3-9. Only a
summary of the equations and a brief discussion of the solution technique are

presented here.




3.2 GOVERNING EQUATIONS

The boundary Tayer momentum and energy integral equations are

% %E rpeug =y ¥ (ev) gt Ho %% (3-1)
and

1d *

r ds rpeue(ht,e - hy) o =a, + (ev), (ht,i,w - h,) (3-2)

The various quantities that appear in the above integral equations

are defined below:

momentum thickness 9:

g = w  PU u; - u dy (3-3)
0 peue ue

energy thickness ¢:

- h

. hy . ‘
- = [=_Pu t,i t (3-4)
' ¢ = - dy
) b Pele Nt e - Ny
Ii boundary layer shape factor:
*
{ H=261/8 (3-5)
33 displacement thickness §":
: i pu
§ = (1 - —-—)dy (3-6)
j; Pile

In the above equations, the subscript e refers to the properties evaluated at

|
g e

. l
cig S
e LU

the boundary layer edge; the subscript i refers to inviscid properties. The

quantity "i,w

Ht e refer to local and edge inviscid stagnation enthalpies respectively.
’

is the inviscid velocity at the wall. The terms ht i and

|

{
P i

For nonvortical inviscid boundary layer flows, Uy = Ugs ht i = ht e is

] L]
used for all streamlines; the above equations reducc to standard integral
equations.
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To solve the integral equations, the properties at the edge of the
boundary layer are needed, The definition of boundary layer edge,
particularly for vortical inviscid flows, 1s not straightforward.

Usually, the boundary layer edge is defined as the location in the
boundary layer where the local velocity is equal to 0.99 times the local
inviscid velocity. Though this criterion is not fully satisfactory, Dahm,
et al., recommended this criterior as reasonable, and this criterion is
used in the present calculations.

The edge properties needed are obtained with the use of the
entrainment relation. The entrainment relation can be formulated by

performing a mass balance on the flow, i.e.,

-2 S -}
o, (Tmy") = 2mr pudy - 2w (pv) , rds (3-7)

where y determines the shock angle through which the boundary layer edge
streamline has passed. The entropy behind the shock is shock angle
dependent, as are the properties at the edge of the boundary layer.

Equation (3-7) can be rewritten as

PecMlog 372 =2rfug Reg - 2 fs (pv)w rds (3-8)
0
where
*
F=8-9% (3-9)
<]
* - .eu___) .
5 fo (1 n dy (3-10)
3-5
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The wall shear stress and the heat transfer coefficient appearing

in Equations (3-1) and (3-2) are related to friction coefficient and

Stanton number, i.e.,

21 2
Tw =2 Pele O (3-12)

L0
x
)

= DeueCH (hr - hw) (3-13)

where hr' the recovery enthalpy is given by
2

u
- _e (3-14)
h. = he *R 2 ’

where R is the recovery factory.

The auxiliary relations needed to solve the integral equations are

given below:

Laminar flow:

C
f.2,0 _ 0.245 -
2 Ree (3-15)
- 4/3 . -
Ch,z,o = 0.22/Pr Re¢ (3-16)
Tw
H, = 3.029 =¥ - 0.0614 (3-17)
% T,
T 1/2
F, = 1.521 + 4,388\ =¥ + 0.0378 (3-18)
% Te
R, - prl/2 (1 1)
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Turbulent Flow:

Ce too “Re, ' 00+ Rey ('°9lo Re,

0.22 0.0123 Re

-1.6
+ (logy4 Re,)
prt/3 Re, Pr1/2(100 + Re,) 10

Ch,t,o

X
|

=N TW
= 2.285(1 + 3.2 e™") X _ 0,96
t T

0.37 + an Re,
R B 1< I 7 T Re,

TW
Fo=5.28 en{=%+2.8) + (n -5
t T,

= p.1/3
Rt Pr

For planetary entry probes, boundary layer effects such as
acceleration, property variation, and vortical layer effects, are

important. Since the purpose is to compute the non-blown convective

(3-20)

(3-21)

(3-22)

(3-23)

(3-24)

(3-25)

heating rates to the probe surface, the effect of wall blowing is not

included in the present calculations. The various effects are accounted

for by modifying the Stanton number and friction coefficients given

above. The modification is accomplished with the use of influence

coefficients,

In general, both the Stanton number and the friction coefficient

are written as

CX‘,Y CX.,Y;O" Ix,y,z
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where l‘ ,are the intluence coetticients, The subscript X
¥ e

corresponds to heat or mamentum transter (x  hor ), and the subscript y
corresponds to Taminar or turbutent (y - Cor 1) flow, respectively,  The
subscript 72 reters to the type of boundary layer ottect,

The three phenomena considered and their corresponding o subscripts

are:
acceloration - R
property variation - p
vort ical layer effects - N

The relationship tor the influence coetticients for the three

phenamena are:

Accelerat ton == In laminar tlow
1/3
. (IR 1T TR L
l'.f.[§ (‘ ‘t) } ( ( ,I‘
) N 3.8
lf'(‘ﬁ 1.0, R- 0 (3-08)
/0
bR P -0
N A (3-.
lh.\.s\ 1.0, DR\ (3-30)
whore
e de
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For turbulent flow, only the first terms of the appropriate basic
turbulent laws are modified by the above influence coefficients.

Property Variation -- To account for property variation, the properties

such as density, viscosity, and Prandtl number are evaluated at the

reference enthalpy h'
h' = ahg + bh + ch (3-33)
Influence coefficients are given by
4 d ’ €
I - (e) (LL_) . X
X.¥.P pe He y

The constants a, b, ¢, d, and e for various x, y combinations are listed

(3-34)

.

= -
-
+

in Table 3-1.

Inviscid Vorticity Effects

Due to lack of data base on which to derive the vorticity influence

coefficients, ali four of them were set equal to 1.

Ix,y,n =] forx=f,handy = ¢, t (3-35)

The relations given above for H, F, Cf. and Ch are only for
fully laminar and for fully turbulent flows. However, the flow may

transist to turbulent from laminar conditions. To estimate these four
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Table 3-1. Constants Used to Evaluate Property Influence Coefficients

Constant

Property

Influence

Coefficients a b c d e
If’]’p 0.23 0.19 0.58 0 0
Ih’],p 0.23 0.19 0.58 1 1
If’t’p 0.36 0.19 0.45 1 0.25
Ih’t’p 0.36 0019 0.45 'S 0025

parameters for transitional flow, the following relation was recommended

in Reference 3-9.
P={(1 - f)P2 + fPt (3-36)

where P is one of the four parameters mentioned above, and f is the

intermittency factor. The equation for f is
2
_lRee (Cey - Cf,z)}_t_r;

f = ] - 2
Reg (cf.t - Cs,q)

(3-37)

where the subscript tr refers to conditions at the transition point.
3.3 SOLUTION PROCEDURE FOR THE BOUNDARY LAYER INTEGRAL EQUATIONS

The solution procedure for the governing integral equations consist
of two steps. First, series solutions at and in the vicinity of the
stagnation point are obtained. Second, away from the stagnation region, a

finite-difference numerical scheme is used to obtain solutions.

3-10
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Before the start of the solution procedure, the surface shape,

pressure, and temperature distribution are to be specified. 1In addition,

from known freestream conditions, the bow shock shape nceds to be
calculated. Relations which describe environmental gas thermodynamic and
transport properties are also needed.

At the stagnation point, limiting solutions to the momentum and
energy integral equations are obtained. From Equations (3-1) and (3-2),

the 1imit as s approaches to zero, the momentum thickness is given by

0.245 v

0
% = a0 Ct e (3-38)
(3 +H) —-—I
ds |o

0

and the energy thickness is given by

] 0.2 v,

% 1 473 W {7 ch,l.i (3-39)
2 prt/d &

{ ds Io

Note that the momentum and energy thicknesses depend on the
stagnation point velocity gradient. At the vicinity of the stagnation

point, following Reference 3-9, series solutions are obtained, i.e.,

6 =0, (1 + awz)

(3-40)
. 2
¢ = ¢ (1 +by%) (3-41)
where y is the normalized streamwise distance, i.e.,
¥ = s/Ry (3-42)

where RN is the nose rac‘us or reference radius.
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The constants given in Equations (3-40) and (3-41) are defined in
Reference 3-9. Away from the stagnation point, the following .mplicit

finite-difference scheme is used:

F = F + ifl_:_il:ll (F! +F! ), for x = forh (3-43)

XsI X.I'] 2 X’I-1 X’I ’
where

Fo=ro uze (3-44)
f ee

Fh = p peue(ht,e - hw) ¢ (3‘45)
,  dF¢

Fe= o (3-46)

F, = dF, /ds (3-47)

and I is integration index along the surface.

The solution scheme is iterative in nature since the Fx I depends

’
on Fx,I'

continuing on to the next point. Convergence criteria used are that

At each integration point, convergence is necessary before

changes in both the transfer coefficients are less than 0.1 percent
between successive iterations. If the solution procedure fails to
converge, it is usually traced to vortical layer effects. Convergence
failure arises whenever the shock curvature is large; this leads to large
inviscid flow entropy gradients. However, a default procedure is used in
the event of nonconvergence. The default procedure is to use a local
explicit solution obtained by setting F;’] = F;,l~1'
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3.4 RESULTS AND DISCUSSION

Results obtained with the momentum-energy integral technique outlined
in Section 3.3 are presented in this section. Extensive validation of the
numerical method was performed and were reported in Reference 3-9. To check
the accuracy of this method, convective heating rate at the stagnation point
were compared. Table 3-2 presents the assumed probe configuration and entry
parameters. For these assumed conditions, the Aerotherm-developed THETA
computer code was run to generate the freestream conditions. Table 3-3 shows
the freestream conditions as a function of time, and, in addition, the
conditions behind the shock and the convective heating rate at the stagnation
point are listed, where present calculations are compared with the calculated
results of Moss (Reference 3-10).

The results of Moss are obtained with the HYVIS code. The HYVIS code
accounts for radiation absorption and emission in the shock layer. The slight
discrepancy in the convective heating rate is due to (1) the approximate
nature of the MEIT methodology and, (2) coupling in the differnt modes of heat
transfer,

Figure 3-1 and 3-2 show the vortical layer effects on convective heat
flux distribution for two different freestream conditions. The flow was
assumed to be laminar at the stagnation point and up to a streamwise distance
of 0.1 RN’ Due to turbulence, heat flux reaches a maximum value and then
falls., The vortical Tayer effect is not felt until a streamwise distance of
unit nose radius is reached because the shock is almost normal up to the
tangency point. Beyond the tangency point, the curved shock effects are felt,
particularly at the flank regions of the candidate probe where an approximate

20 percent increase in the convective heat flux is seen due to the entropy

layer.,
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Table 3-2. Probe Configuration and Entry Parameters

Probe Configuration (spherically blunted conical forebody)

Half cone angle (degree) 45
Base radius (m) 0.3112
Bluntness ratio 2
Probe mass (kg) 242
Drag coefficient 1.094
Ballistic coefficient (kg/m?) 181.82

Atmospheric Model (by Orton)

H,/He percentage (volume) 89/11
Entry Parameters

Inertial entry velocity (km/s) 60
Inertial entry angle (degree) -9
Entry altitude (km) 1000
Entry latitude (degree) -6.4
Azimuth angle of inertial

velocity vector (degree) 72.5

For the candidate probe, no laminar calculations were performed at
these entry conditions. Earlier calculations showed that entfopy layer
effects were small for laminar flow conditions.

Figures 3-1, 3-2, and 3-3 were generated from the MEIT procedure.
Two types of calculations were performed: (1) the entropy layer option
was activated, and (2) entropy behind the shock were assumed to be
constant.

Figure 3-3 shows the curved shock effect on the convective heat
flux for the entire trajectory. Freestream conditions, tabulated in
Table 3-3, were used. As shown, during the early part of entry and until
the peak heating time during the trajectory, the vortical layer effects
are significant; an approximate 20 percent increase in convective heatflux

due to vortical layer is seen. During the post-peak heating time ot the
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Figure 3-1. Effect of Entropy Layer on Convective Heating Rate at
Peak Heating Time During the Trajectory
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trajectory, the curved shock effects start to decrease, The reason is
that during the Pre-peak heating time of the trajectory, the mass
entrained in the shock layer increases and reaches a maximum, [n
addition, during this phase of the entry, the freestream velocity of the
probe is high, This increases the kinetic energy in the boundary 1ayer
and increases the convective heat flux, During post-peak time of
trajectory, the probe has slowed down considerably. This reduces the net
increase in the kinetic energy in the boundary layer,
3.5 CONCLUSIONS
For the analysis and calculations performed, the following
conclusions are reached:
¢ Entropy layer effects increase the convective heat flux by as
much as 20 percent
® The effects of vortical layer are significant during the
Pre-peak heating time of trajectory
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L SECTION 4

A FEASIBILITY STUDY FOR EXPERIMENTAL
ASSESSMENT OF HEATSHIELD SPALLATION

The candidate heatshield material for the Galileo probe program is
carbon-phenolic, A recent study (Reference 4-1) suggested that mechanical
erosion, also called spallation, is an important factor to be considered
during the design of probe heatshield, and that there are currently no
experimental data on carbon-phenolic performance in representative Jupiter
entry environments. Although several mechanical erosion models exist,
none have been verified with experimental data for heating environments
typical of Jupiter entry. A study following a recommendation for an
experimental program to evaluate the performance of carbon-phenolic in a

typical Jupiter entry environment was undertaken. The first step defined

an optimum feasible experiment to assess the carbon-phenolic spallation;

the purpose of which was to review the available literature and collect

existing data on carbon phenolic spallation, identify the conditions to be
simulated in an experiment, locate a facility that can generate the
required conditions, and finally, define the iest conditions for the
experiment. The following subsections briefly review the available
experimental data on carbon-phenolic spallation, summarizes the

= theoretical models on spallation, simulation parameters, survey of test

facilities, and selection of a test facility. In addition, a preliminary

4-1
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evperiment is also defined, and, based on this study, a test program is
recomended to assess the heatshiold spallation,
4.1 LITERATURE SURVEY

Carbon=phenolic has froguent ly been used as heatshiold material on
carth reentry vehicles,  Because of the nature of application, extensive
tests were conducted on carbon-phenolic at various test racilities and
theoretical madels were doveloped to explain the test data. Available
test data and analysis to predict spatlation wore collected as a part of
this study and were reviewed. A brief sumnary on the available literatwre
1S given in the following subsection.

4.1.1 Experimental Evidence of Spallation

Experimental data on carbon-phenolic is available from Tasor, are
Jet, and flight tests. Massive spallation was observed in the laser
envivonments conducted by Brower (Reference 4-"), Lundell and Dickey
(Reference 4-2), and MDAC (Reference 4-4).  Based on the laser tost data,
it may be concluded that the carbon-phenolic heatshiold will spall;
hawever, during laser tests, the laser bean was nomunitorm, thus feading
to an uneven heating toad on the test specimen.  Also, to obtain increased
heat 1lux on the model, the Taser bean was made small in Jiametor,
Moreover, the specimens wore exposed to sudden Taser heat ing without any
prehcating of the model,

Due to spatial and temporal nonuniformity of the beam, the incident
heat flux cannot be accurately measured. The smal) Laser beam Jdiametor
ad Tack of preheating may induce thermal shock in the specimen which may
cause spallation,

Carbon-phenolic heatshields were tosted in are Joet enviroments hy

Schneider, ot al. (Reterence 3-4), Bishop, ot al, (Reterence -0, and

q-




)

} Acurex/Aerotherm (References 4-7, 4-8, and 4-9). Except for Reference
4-7, all of the arc jet tests showed spallation even at low heat flux

GS ) conditions (2.6 kJ/szsec). It was postulated that the heatshield

§? fabrication methods such as the layup angle and resin content were

){'
]

responsible for the spallation.

Spallation has been inferred from a reentry vehicle (flap) flight
data (Reference 4-1). This was based on the discrepancy between the
measured recession data and the calculated thermochemical ablation
allowing for roughness heating augmentation. Table 4-1 summarizes the
available data on carbon-phenolic spallatios.

4.1.2 Theoretical Spallation Models

A literature search yielded about six spallation models based on

both theory and empirical constants. Table 4-2 presents a summary of

i
Ce
..b__,\:/_,v,,\,__,.,‘ B TR S S IR

available spall models from which the basic mechanisms proposed for
spallation in general are thermal stresses, pyrolysis gas pressures, and
shear stresses.

Thermal stresses cause material degradation, including delamination
and cracking of individual plies. Pyrolysis gas pressure and shear
stresses cause failure and material removal. For planetary entry
application, shearing stresses are believed to be of secondary importance
due to the anticipated massive blowing.

Howe (Reference 4-10) developed a theoretical model to predict the

3' importzace of spallation for a uniformly heated spherical shell of
?’ ' noncharring graphitic type material. This model indicates that the model
EA radius is not a critical parameter because, for a carbon-phenolic type
= material, the hoop stress is essentially independent of the model's outer .
- ’ radius.
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Mathieu (Reference 4-11) proposed that spallation is caused by
thermal stresses, surface shear forces, and pyrolysis gas pressure.
According to Mathieu, spallation occurs when either the char thickness or
the normal stress exceeds an empirically determined critical value.

Bishop and Dicristina (Reference 4-6) suggested that char
spallation sharply reduces the material strength due to supporting resin
structure degradation and subsequent material removal by surface shear and
pressure gradient forces. On the basis of experimental and theoretical
results, a correlation for critical char thickness as a function of
surface pressure was developed.

Schneider, .et al. (Reference 4-5) developed an analytical model
based on a comprehensive analytical and experimental study on
carbon-phenoiic spallation. Spallation, they concur, results from
thermally induced fracture along ply boundaries coupled with material
removal by pyrolysis gas pressure/aerodynamic shear. The model agrees
well with the experimental data.

Kratsch, et al. (Reference 4-12) identified the action of pyrolysis
gas pressure on charred material and high in-plane thermal/structural
stresses as the major causes of heatshield spallation. They proposed a
sequence of events leading to material removal starting with the
contention that, under extremely high heat flux conditions,
carbon-phenolic goes through explosive expansion normal to the plies which
lead to interlaminar shear failure along with an outward rotation of
plies. These delaminated plies experience a flexural failure due to the
pyrolysis gas pressure.

In summary, it can be concluded from the spallation data and

theoretical models, that spallation is basically a material stress related

4-6




phenomenon. Any experiment designed to assess spallation must accurately
simulate:

® Spatical and temporal temperature distribution

® Material physical characteristics

® Pyrolysis gas pressure

o Shear stress
4.2 SIMULATION PARAMETERS

Surveys of the available test data on carbon-phenolic and
theoretical models on spallation indicated certain mechanisms for
spallation. This study's objectives can be met if an experiment can be
designed to simulate the Jupiter entry condition and the physical factors
that were identified as probable causes of spallation. With that
understanding, a set of simulation parameters were identified and were
divided into primary and secondary simulation parameters,

The primary simulation parameters selected were: (1) thermochemical
recession rate, étc, (2) surface temperature, Tw’ and (3) material
physical characteristics.

Secondary simulation parameters selected were: (1) surface
pressure, p, (2) surface pressure gradient, 3p/3s, (3) surface shear,

Ty (4) surface temperature rise, aTw/at, and (5) model geometry.

The following subsections provide the basis for selecting the above

primary and secondary simulation parameters.

4.2.1 Primary Simulation Parameters

Calculated values of thermochemical recession rate (;tc) and
surface temperature (Tw) as a function of entry time, for a typical
Jovian entry, are shown in Figure 4-1 and 4-2, respectively; these values

were taken from Reference 4-1. As shown in Figure 4-1, the peak recession

4-7
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rate is about 1 cm/sec at the stagnation point, and about 0.5 cm/sec at

!l the end of probe flank. The entry conditions and model atmosphere used to

generate these figures correspond to the worst heating environments the

. °

probe may encounter. Based on this, and a desire to simulate a series of

test conditions, S, was assigned a range between 0.5 and 1.0 cm/sec.

tc

Figure 4-2 shows that the surface temperatures may reach as high as
4055% during entry. Also shown are the surface temperatures that have
been recorded in ground based facilities. During laser tests that
produced massive spallation, the surface temperature reached a maximum of
3889%. For simulation purposes, the surface temperature was assigned a
range between 3889% and 4167%.

The literature search indicated that material physical

characteristics play a key role in spallation. Material characteristics

include carbon-cloth layup angle, wrap technique, phenolic resin content,

«;;u,~;gkv«J;;\“,«;,u;;,;“ﬁkjvﬂ. o
. , NS

and other manufacturing processes; however, these factors are beyond the

N .“‘_,L 4

control of the present study. Therefore, a test of the baseline

carbon-phenolic material with known physical characteristics were

N considered.
4

4,2.2 Secondary Simulation Parameters |

; The primary simulation parameters discussed above may have a first

order effect on the experiment, therefore, their accurate simulation is

critical. However, there are other parameters that have an influence on
carbon-phenolic spallation which are of second order importance. Table 4-3
lists these secondary simulation parameters along with their levels.
4.3 SURVEY OF TEST FACILITIES

The simulation parameters and their levels identified in subsection 1

4.2, established the requirements of a test facility; e.g., if the }
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Table 4-3. Primary and Secondary Simulation Parameters and Levels

Parameter Level

Primary

o Recession rate, Sgc 0.5 to 1.0 cm/sec

o Surface temperature, Ty 3889 to 41679K

Secondary

e Surface pressure, pd 10 atm

e Surface pressure 1.6 x 106 N/m2/m
gradient, 9p/dsb

e Surface shear, Ty ~0

e Surface temperature ~1000K/sec for T,<27229K
rise, oT,/atd ~5500K/sec for Ty>27220K

Model nose radius, Ry® >0.5 cm

asurface Pressure, p:
A peak stagnation point pressure of 10 atm is predicted.

Simulation is required due to it's impact on the pyrolysis gas
velocity as indicated by Darcy's Law.

bsurface Pressure Gradient, 3p/ds:
Maximum surface pressure gradient predicted is about 1.6 x 106
N/m¢/m., Simulation is required due to the shearing effect of
pressure gradient on the char layer.

Csurface Shear, Ty:
Due to the massive blowing, the surface shear is predicted to be
essentially zero. The experiment should simulate the zero shear
condition due to the impact of shear on spallation.

dsyrface Temperature Rise, 3Ty/3t:
For temperatures below 27§2°K, the predicted surface temperature
rise i3 comparatively low -- about 1000 K/sec. This should be
simulated since a very steep temperature rise may induce
spallation. Inability to simulate this has been one of the
drawbacks of laser testing to date.

eModel Nose Radius, Ry:
while no primary constraints have been imposed on the model

geometry, it is judged that the geometry selected should allow for
baseline wrapping technique and, in addition, some flexibility in
varying it. Material spallation can be induced due to poor
wrapping techniques. Based on a brief survey of this problem, a
minimun nose-radius of 0.51 cm was selected.
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conditions given in Table 4-3 can be obtained in any facility, then the
question of spallation of carbon-phenolic heatshield during entry into
Jovian atmosphere can be answered. To find out which ground based
facilities can generate the required heating environment, a survey of all
test facilities in the United States was conducted for information on
their capabilities, limitations, and availability for test in a given time
frame. In addition, the survey gathered information on the use of various
test gases, type of heating environment, and the flexibility to use other
candidate test gases.

Figure 4-3 illustrates the required recovery enthalpy, HR, for
achieving a thermochemical ablation rate, gtc’ of 1 cm/sec as a function
of local pressure, p, at the selected two temperature limits. It was
assumed, for calculation purposes, that carbon-phenolic was ablating in an
air environment. Figure 4-3 sets a guide for the requirements of a test
facility using air as the test gas.

The facilities survey included arc jet, ballistic range, and laser
heating environments. A summary of the various test facilities considered
and their operational capabilities are given in Tables 4-4, 4-5, and 4-6.

The 50 MW (AFFDL) and HEAT1 (AEDC) arc jet facilities produce only
convective heating environments., Between these two, the HEAT1 facility
was considered to be more useful, as it can achieve a higher centerline
enthalpy (HCL) at a Tower stagnation pressure (Ptz). In addition, the
HEAT1 facility will consider test gases other than air, particularly rich

mixtures of OZ/NZ required for producing large §t . The HIP (MDAC)

c
facility was not inclucad since the maximum allowed model nose radius
(RN) 1s only 0.4 cm which is smaller than the selected model size for

simulation.

4-12
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Table 4-5,

Operational Range of Ballistic Range Test Facilities

Convective Heating Environment

Max imum Max imum Max imum
Centerline Stagnation Model Size
Enthalpy Pressure To Be Used
Facility (He kJ/kg) (P atm) (Radius, cm) Comments
RANGE-G 18,560 350 2.75 Can use various test
(AEDC) gas mixtures; 300 m
long range facility
HFFAF 41,760 -- 1.85 Various gas mixtures;
(NASA-Ames) 32 m long range; only
shadow graphs

Table 4-6.

Operational Range of Laser Test Facilities Considered

Radiative Heating Environment Only

Maximum Radiative
Heat Flux to 2.54 cm

Diameter Model

Facility (MW/m2) Comments
TSL 283.8 150 kW laser
(SANDIA)
PW 908 Large beam variator
(Pratt & Whitney, area ratio 8:1; will
Florida) consider chamber test
4-15
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Both the L400! (NASA-Ames) and GPF (NASA-Ames) facilities create
combined convective and radiative heating environments. The radiative flux
from L4001 facility is derived from a 40 kw laser, while the radiative flux in
GPF is emitted by the high temperature test gas mixture H2/He. The GPF is
under development, and the operational capability presented in Table 4-4 is
achieved at the time of the survey. Higher power levels are anticipated in
the near future. In addition to increased heating, the combined heating
facilities can accommodate larger test models.

Ballistic range test facilities considered were the RANGE G (AEDC) and
HFFAF (NASA-Ames). RANGE G offers froe flight, or track guided imodel
capability. RANGE G is roughly 300 m long, has sophisticated instrumentation,
and has a model recovery system that offers a unique experimental capability.
Models weighing up to 0.450 kg are routinely accelerated to a launch velocity
of 5.8 to 6.1 km/sec using a two stage light gas gun. The HFFAF range offers
a higher enthalpy and a shorter test section which is only 32 m long. The
shorter range is not suitable to observe spallation.

The laser facilities considered were the TSL (SANDIA) and PW (Pratt and
Whitney, Florida) facilities. The TSL facility has a 150 kw laser, and while
an exact kw rating for the PW laser was not available to us, it is capable of
delivering 800 kw/ci® to a 2.54 cm diameter model. However, the PW laser
produces a nonuniform beam with the area ratio of 8:1.

4.4 SELECTION OF A TEST FACILITY TO PERFORM THE CARBON-PHENOLIC
SPALLATION EXPERIMENT

The various test facilities surveyed and discussed in subsection
4.3 were evaluated to determine their suitability for performing the

spallation experiment.
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To answer the basic question, what are the enthalpy and pressure
conditions that are required to produce the primary and secondary
simulation parameter levels tabulated in Table 4-3, an analytical model
was constructed based on steady-state energy balance equations.

Following Reference 4-1, under steady-state conditions, the surface
energy balance equation (Q* type), valid only when the surface is in the

sublimation regime, simplifies to

MHap = (1 - %) R+ (1- ¥e) 9% ~ r (4-1)

where m is the ablation rate, WR and Wc are the respective radiative
and convective blockage factors, Hab is the heat of ablation, Qe is
the reradiated surface heat flux, 9 is the incident radiant flux and
q. is the convective flux to the wall.

For a convective heating only facility, aQ = 0, and for a
radiative heating only facility q, = 0. The reradiated heat flux is

obtained from

q = t"0T3 (4'2)

rr

where v is the emissivity of carbon-phenolic and is assumed to equal 0.85
in this study, o is Stefan-Boltzman constant, and Tw is surface temperature,
The convective flux to the surface is usually written in terms of

heat transfer coefficients, i.e.,

Ge T relely (Hp - HY) (4-3)
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where Pe s boundary layer edge density, u, is edge velocity, Cy s
a dimensionaless Stanton number for heat transfer, HR is recovery
enthalpy, and Hw is wall enthalpy.

The blockage factors given in Equation (4-1) can be found frem

correlatiors. For example, the convective blockage is obtained from
1-y = n (142)8')/228’ (4-4)

where B’ is th2 dimensionless blowing parameter B’ = ﬁ/qeuecH, and A
is a correlation constant. For laminar flow it is 0.5, and is set to 0.35
for turbulent flow. The radiation blockage factors, ¥,, were obtained
from Moss et al. (Reference 4-13).
In terms of blowing parameter B’, recovery enthalpy HR, and wall
temperature Tw, Equation (4-1) becomes
. (1-¥p)ag eoT

= +H +B H, +
R Py w ab  pguaCy

(4-5)

Equation (4-5) is used to evaluate the various test facilities.
The Aerotherm Chemical Equilibrium (ACE) code (Reference 4-14) was used to
generate the blowing parameter B’ and wall enthalpy Hw as a function of
surface pressure p, surface temperature Tw’ and for various test gases.
For calculating the B’, a 35 percent resin content was assumed for
carbon-phenolic. The density of the material was assumed to be 1.46
gn/cm3. The recession rate s and B’ are related by

m =8 PeUely = PS (4-6)
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To meet the negligible shear simulation requirement, calculations
were restricted to the stagnation region only. The required model nose

radius RN was computed from the correlation from Rindal, et al.

(Reference 4-15). The correlation is

RN = A2p/peueCH (4-7)
|unblown

The correlation constant A is tabulated in Table 3-7 for various gases.

For arbitrary mixtures such as H2/He, H2/N2, and N2/02, the

correlation constant A was calculated based on the recommendation of Zoby R
(Reference 4-16), i.e., i

A=1/(Em/A,) (4-8)

where m, is the mass fraction of component i and Ai is correlation

constant (from Table 4-7) for component i,

Equations (4-4) to (4-7) were used to compute the values of HR,

PeUely, and RN for various test gases/gas mixtures as a function

of surface pressure p and temperature Tw' and an assumed value of ;tc‘
Using the formulated analytical model, the various facilities were

evaluated on the basis of their heating environment. Convective heating

o

facilities are discussed in subsection 4.4.1; combined heating facilities !

are evaluated in subsection 4.4.2; and radiative heating facilities are |
considered in subsection 4.4.3.

PUPRNDL PP S
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Table 4-7. Correlation Constant A for Various Gases

Gas Constant A
Air 0.229
Nitrogen 0.218
Oxygen 0.261
Argon 0.287
Hydrogen 0.0765
Helium 0.121

4.4.1 Convective Heating Facilities

The convective heating facilities evaluated are the RANGE G, HEAT1,

and GPF in convective heating mode. For the GPF, convective heating

accounts for about 70 percent of currently achieved and rated heating
capability.

Carbon-phenolic ablation in air, oxygen, nitrogen, argon, and gas
mixtures of Hz/He and HZ/NZ were investigated using the analytical
model described in subsection 4.4. The recovery enthalpy, heat transfer
™ coefficient, and model nose radius requird to produce an assumed ablation
| rate (;tc) and surface temperature were compared to the facility
operating capability.

Figure 4-4 illustrates this comparison for carbon-phenolic ablation
in air, for an assumed value of ;tc = 1 cm/sec at Tw = 3889 and
° 4167%. As shown, the enthalpy requirements exceed the facility
capability for pressures below 15 atm. The model nose radius required to

- simulate the iransfer coefficient is too small, roughly about 0.05 cm,

which is an order of magnitude smaller than the simulation requirement.
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Using nitrogen as a test gas only results in smaller nose radius
due to its lower chemical activity compared to air. Argon gas was also
considered, but was rejected since it had the same deficiency as nitrogen
due to its inert nature.

Figure 4-5 illustrates carbon-phenolic ablation in oxygen
environment. Its higher chemical activity compared to air, nitrogen, and
argon results in significantly larger nose radius. However, the increased
B’ requires a larger enthalpy. RANGE G is the only candidate facility
that would consider oxygen as a test gas at test pressures around
100 atm. For conditions shown in Figure 4-5, the required enthalpy
exceeds RANGE G capability below about 80 atm stagnation pressure. For a
100 atm test pressure, a model nose radius results ih 0.64 cm which is

adequate to achieve the desired transfer coefficients.

The convective heating mode capability of GPF was evaluated considering
test gas mixtures of H2/He and HZ/NZ‘ For H2/He, the volume fractions
for the gas mixture was assumed to be 78/22. For HZ/NZ' the volume
fraction was taken as 50/50. Figure 4-6 and 4-7 show that the GPF in the
convective heating mode is inadequate for achicving the desired level of
simulation.

Having determined that air, nitrogen, oxygen, and gas mixtures of *
H2/He and HZ/NZ environments will not adequately simulate the required :
test conditions in the convective heating fcilities, attention was given to ]
N,/d, gas mixture as test gas in RANGE G and HEAT1 facilities. The test !
facility personnel at HEAT1 indicated an interest to run the facility at |
02/N2 mixtures as rich as 65/35 by volume. *

Detailed iterative computations were performed to evaluate an optimum

model size for various assumed ablation rates of 0.5, 0.75, and 1.0 cm/sec at !
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a given surface temperature of 3889°K. The calculations resulted in
model nose radius of 0.635 cm. Figure 4-8 presents the required enthalpy
levels for various mixture ratios of 02/N2 and stagnation pressures.
The higher ablation rate (0.75 and 1 cm/sec) test conditions cannot be
obtained in the HEAT1 facility. However, the performance map of RANGE G
covers even the most severe ablation rate condition.

Figure 4-8 shows the selection of the RANGE G facility as a
candidate facility to conduct carbon-phenolic spallation experiments. The

test conditions and preliminary experimental design will be discussed in
subsection 4,5,

4.4.2 Combined Heating Facilities

The combined heating facilities, L4001 (NASA) and GPF (NASA), were
evaluated with the aid of the analytical model described in subsection
4.4. For evaluation purposes, wall temperature Tw was ascsigned the
value of local sublimation temperature to maximize radiative heating by
uncoupling the mass transfer from the model nose radius. The incident
radiative flux Gr was obtained by contacting the facilities. The
sublimation temperature as a function of pressure was calculated using the
ACE computer code (Reference 4-14).

The laser aided L4001 (NASA) facility was evaluated for the
operating conditions of 1 atm pressure and a model size with a nose radius
of 0.635 cm. For these assumed conditions, this facility supplies an
incident radiant flux AR of 315.6 MN/mz, and has a recovery enthalpy
of 27.8 MJ/kg. The local sublimation temperatue of 3819% is below the
minimum wall temperature of 3889% and the difference is ignored. For
three assumed values of ablation rates, the total heat rfluxes required

are calculated; and the results are summarized in Table 4-8. The table
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Table 4-8. Evaluation of L4001 (NASA) Combined Heating Facility

Assumed Conditions

Carbon-phenolic ablation in air:
P =1 atm, Tw = 3819 K, Hw = 22.62 MJ/kg
Ry = 0.635 cm, gy = 315.6 Ma/m?, Hy = 27.8 MI/kg

Available
Total Flux e
Assumed Required for
Recession Rate Simulation Convective Radiative Total Flux
(Stc em/sec) (MW/m2) Flux (MW/m2) | Flux (MW/m2) (MW/m2)
0.5 184.7 2.6 157.8 160.4
0.75 271.8 2.0 157.8 159.8
1.0 359.0 1.7 157.8 159.5

e e G

shows that the simulation capability of L4001 is inadequate. For example,
for an assumed ;tc of 1 cm/sec, the available total flux js less than
one half that required.

A similar evaluation for GPF (NASA) is performed, and the results
are provided in Table 4-9. Again, the simulation capability is
inadequate. For producing a recession rate of 1 cm/sec, the available
heat flux is roughly one third of that required.

In summary, the existing combined heating facilities do not offer
adequate simulation for carbon-phenolic spallation experiment.

4.4.3 Radiative Heating Facilities
The radiative heating Facilities evaluated are the Lwo Taser

facilities, TSL and PW. The TSL facility was evaluated at atmospheric
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Table 4-9. Evaluation of GPF (NASA) Arc Jet Facility

Assumed Conditions

Carbon phenolic ablation in Hz/He = 50/50 by
volume environment:

P =2.82 atm, T, 3903 K, Hw = 22.7 MJ/kg

Ry = 2.54 cm, qu = 110 MN/nZ, H, = 729.8 MJ/kg

Available Flux
Assumed Total Flux
Recession Required for :
Rate sy Simulation Convective | Radiative Total
(cm/sec) (MW /m?) (MW/m2) (M/m2) | (MW/m2)
0.50 183.0 71.1 71.5 142.6 :
0.75 268.9 54.1 71.5 125.6
1.00 354.7 44,2 71.5 115.7

pressure conditions, and the PW laser facility was evaluated at the
required simulation pressure of 10 atm and has enough power and adequate
technology to deliver up to 900 MN/m2 to a 2.54 cm diameter model.
Performing the calculations using the analytical model described in
subsection 4.4, showed that at the PW facility, the required conditions
for simulation can be attained. The TSL facility was found to be
inadequate to test a 2.54 cm diameter model; however, a smaller model of
1.27 cm diameter can be tested. Based on the calculaiion, the PW facility
was also selected as a possible candidate for performing the
carbon-phenolic heatshield spallation experiment. When performing the

laser tests, the beam should be well focused so that there is beam
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uniformity, Also, the mode) must be preheated to a certain temperature
level of 2500°K, to avoid thermal shocking of the model when the laser
heating is activated,
4.5 PRELIMINARY EXPERIMENT DEFINITION

Between the RANGE G and PW laser facility, RANGE G was selected as
the best possible test facility for heatshield spallation assessment
experiment., The RANGE G facility offers sophisticated instrumentation; it
has performed an important role in assessing reentry vehicle nosetip and
heatshield material technology, and offers high heat flux capacility along
with wide variation in testing conditions. However, RANGE G cannot be
effective at the required low simulation pressure of 10 atm. Since
surface pressure is primary in spallation, performing experiments at high
Pressure is useful to assess the sensitivity of pressure on spallation.

The selected test matrix is given in Table 4-10. The indicated
model nose radius of 0.63 cm is the equivalent radius of curvature at the
stagnation point. A blunt faced model will be designed for the experiment
to simulate the required negligible shear and flat heating profile.
4.6 SUMMARY AND CONCLUSIONS

A study was conducted tc define an optimum feasible experiment to
assess carbon-phenolic heatshield spallation. A literatyre survey yielded
experimental data and theoretical models on carbon-phenolic spallation; a
set of simulation parameters and their levels were established based on
available data, theory and the Jupiter worst entry heating environment . A
facilities Survey was also conducted, and the capabilities of arc Jjot,
ballistic range, and laser test facilities were obtained,

Based on a Q* type surface energy balance model, requirements to

simulate the conditions were compared with the performance availability of
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Table 4-10. Preliminary Experiment Definition and Test Matrix

Test Facility: RANGE G (AEDC)

Lnvivonment:  G,/N,,

Model Effective Nose Radius = 0.635 cm

e e e e e - o ———— e e
Recession Test Wall Recovery Mole Fractions :
. Rate Pressure | Temperature Enthalpy of 02/Np !
(stc cm/sec) (P atm) (Ty X) (Hg MJ/kg) Gas Mixture :
Y N . B I . ‘

0.50 100 3889 10.9 37/63

0.75 100 3889 13.9 66/34

1.00 100 3889 17.6 160/0

0.75 150 3889 12.3 53/47

0.75 75 3889 17.2 80/20

........... EERIEITIEY S o U -j- T SISO -

facilities. The above comparison led to two candidate facilities: a
convective heating only facility (RANGE G) and a radiative heating only
facility (PW laser). Based on other considerations, RANGE G is thought to
be the best candidate facility to perform the carbon-phenolic heatshield

spallation experiment., A test matrix was also defined for the RANGE G

facility.

The model selected is blunt faced with an equivalent nose radius of

0.635 cm. The test gas selected is 02/N2 gas mixture and composition

is varied in the test matrix. However, before the experiment, model

|
. B
e i,

design and 02/N2 operating map of RANGE G must be investigated.
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SECTION 5
GRAPHITIC HEATSHIELD SPECIMENS

The entry conditions into the Jovian environment are so severe that
there is doubt about the survivability of the baseline carbon-phenolic
heatshield material. In addition, the probe is weight critical as a
result of the required, but excessive, heatshield weight. The concern
about the severe reentry conditions and the excessive weight of the
heatshield prompted a recommendation to investigate newly developed metal
containing carbon-carbon materials.

The data resulting from an extensive investigation of the thermal
response of various types of ablative materials was available for
comparison. The materials which had been investigated included many
parametric variations of the following types:

1. 2-D carbon-phenolic composites

2. 2-D carbon-phenolic composites

3. 2-D carbon-carbon composites

4. 3-D carbon-carbon composites

5. Bulk graphite

6. Pyrolytic graphite

7. Graphitized metal containing carbon-carbon composites

5-1
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A study of movies of the heated materials indicates that resistance
to spallation, microcracking and fracture was the order:

(7) >> (6) ~ (4) > (3) > (5) > (2) ~ (1)

A study of the effective heats of ablation of the same classes of
materials indicated:

(7) >> (6) > (5) ~ (4) > (3) > (2) ~ (1)

The superior thermomechanical and ablative properties provided a
basis for recommending the investigation of metal containing carbon-carbon
materials for the Jupiter Probe heatshield.

The objective of this study was to assess the potential for use of
metal containing carbon-carbon composites for Jovian heatshield
application. This section summarizes the material selection, composite
fabrication and specimen evaluation efforts which were conducted in
support of this study.

5.1 SELECTION CATEGORIES

5.1.1 Material Selection

Constituent materials were selected for their potential to provide
heatshield composites based on specific factors. The primary factor, the
need to provide test specimens with a sufficient range in metal-mairix-
reinforcement types, was to evaluate the viability of using metal
containing carbon-carbon composites as heatshields. Additional factors
included several significant cost factors such as raw materials,
fabrication processes, and scale-up feasibility.

5.1.2 Matrix Selection

Matrices were selected to provide compatability with the metal
additives and with high temperature graphitization processing. The two

general matrix types considered were pitch and resins.
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Pitch matrices were eliminated due to lack of prior data on the
response effects of metal additions to either petroleum or coal tar type
pitch based composites. Pitch matrices offer low initial cost, but the
densification processing which would be required to achieve a heatshield
with optimum properties would be prohibitively expensive with currently
available technology.

The two resins chosen as precursors for the composite matrix were a
furfuryl alcohol modified polyester and a high solids content phenolic
resin. The modified polyester has been used in a series of metal bearing
resins employed in composites which have been graphitized and evaluated
for high energy laser response (References 5-1 and 5-2). The composites
using these matrices require relatively high cost processing ( 2800°C
under high pressure). The prior HITCO proprietary material response data
provided an excellent baseline reference for the current effort.

Phenolic resins offered an excellent alternative. These resins
provided a matrix with low cost acceptable char yields, and a history of
prior use in carbon-carbon composites. The phenolic resins most widely
used for carbon-carbon composites are SC-1008 and FF-17. Thesé phénolic
resins are compared in Table 5-1 (References 5-3 and 5-4).

FF-17 was selected as the phenolic resin for use in this task.
Selection was based on two factors: first, the high solids content of the
FF-17 permitted simplified processing to achieve acceptable quality
laminates; second, as discussed in Section 5.2, FF-17 provided significant
advantages in its shrinkage characteristics during graphitization

processing.
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Table 5-1, Candidate Phenolic Matrix Resins

Parameter SC-1008a | FF-17b
Viscosity (cps) 180 - 300 2000 ~ 3000¢
Gel time (@ 1709C/min) - 5-6
Solids content (percent) 60 - 64 98 minimum
Soivent required Alcohol None
Char yield (percent) ~45 ~45

3Monsanto Chemical Corporation phenolic resin
Ironsides Resin Company phenolic resin
CAt 710C

5.1.3 Reinforcements

Two polyacrylonitrile (PAN) precursor based graphite fabrics were
selected for use with FF-17 resin in the Task 9 composites. The first
fabric selected was SWB-8. This fabric uses long staple PAN fiber. SWB-8
was used in those composites incorporating the metal containing modified
polyester matrix. The discontinuous, staple fiber used as the precursor
in SWB-8 can result in less shrink stresses which normally arise during
graphitization but might not provide optimum composite strength.

The second fabric was Style W-1177. This fabric is a PAN filament
based fabric woven of continuous Celion graphite fiber., W-1177 is a
specialty woven fabric having a highly unbalanced weave with ~90 percent
of the reinforcing fibers in the warp direction. This construction
provides iigh strength levels.

Table 5-2 summarizes the properties of the fabrics used for the

fabrication of specimens.
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Table 5-2. Heatshield Specimen Reinforcements

Fabric ldentity

Parameter SWB-8 W-1177
Weave 8 Harness 8 Harness
Satin Satin

Construction (yarns/cm) 15 x 152 12 x 2b
Thickness (cm) 0.073 0.025
Weight (g/m2) 260 238

Warp x Fill
b3000 filament Celion in warp; 1000 filament Celion in fill

5.1.4 Metal and Graphite Additives

Various metals and metal compounds of the transition metal series
were considered as potential starting materials to obtaining metal
containing carbon-carbon composites. The compounds included oxides,
carbides, nitrides and halides. As discussed in Section 5.2 tungstic
oxide (N03) was selected as the metal compound. The primary reasons for
the selection of tungstic oxide included compatability with the selected
FF-17 phenolic resin during laminate cure and postcure and thermal
stability during carbonization/graphitization to the point of conversion
to tungsten carbide.

Asbury 3376 graphite was added to the composite constituents as a
fine, high purity particulate. This graphite was incorporated to provide
a source of carbon in addition to the FF-17 phenolic resin for the
reaction N03 + 4C > WC + 3C0. This additive has been used in previous

wograms. Table 5-3 summarizes the properties of Asbury 3376 graphite.
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These materials were employed in fabrication of composites for this

progr.m as discussed below.

Table 5-3. Properties of Particulate Graphite

Designation 33764
Carbon content (percent) 99
Average particle size (microns) 0.75

Density (g/cm3) 2.22

3roduct of Asbury Graphite, Incorporated

5.2  FABRICATON

Six composites were fabricated to provide high energy laser,
thermal conductivity and arc heater ablation specimens. These composites
were fabricated using the constituents described in the previous section.
A detailed description of the characterizations and processes used in
phenolic matrix composite fabrication is presented.

5.2.1 Composites Based on a Modified Polyester

Composites based on modified polyesters matrix were procured from
HITCO, Gardena, California. Three of the composites contained metals; one
each tungsten, molybdenum and tungsten with metal boride. A fourth
composite was provided without metal constituents to serve as a baseline.

As noted in Section 5.1, the matrix used in these composites is a
proprietary product. The fabrication process for the composites includes
graphitization at 2800°C under high pressure. The physical properties
of the fully graphitized composites are summarized at the conclusion of

Section 5.2.2
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5.2.2 Composites Based on a Phenolic Matrix

This section diccusses the fabrication efforts conducted on meta)
containing phenolic matrix composites. The discussion includes resin
characterization, metal compound-phenolic resin compatability assessment,
prepreg-process development studies and the final fabrication methods used
in preparing graphitized carbon-carbon composites.

Resin Characterization

A limited characterization of the FF-17 phenolic resin was
conducted to verify the critical temperature ranges for curing and to
establish baseline data for the char forming characteristics of the matrix
resin. Characterization was conducted using differential scanning
calorimeter (DSC) and thermogravimetric analyses (TGA). The results were
used to provide guidance for cure methods to be used in composite
fabrication.

The results of the DSC analysis confirmed that the predominant cure
reaction occurred between 125°C and 200%C with a peak exotherm
occurring at 170° (Figure 5-1). The TGA results indicate that
volatiles were released within the same temperature range (Figure 5-2).
Figure 5-2 also identifies 350°C as the temperature for the onset of
thermal degradation of the FF-17 phenolic resin.

The TGA data were obtained in a static air environment. Since high
temperature postcures were anticipated, this data confirmed the need for
maintaining an inert atmosphere curing postcure.

The DSC and TGA results identified the critica)l temperature ranges

for cure and postcure.
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Figure 5-1. DSC Analysis of FF-17 Phenolic Resin (3%C/min)
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Metal Compound-Phenolic Resin Compatability Assessment

As discussed in Section 5.1, N03 was selected as the metal
compound for use in the phenolic matrix composites fabricated under this
task. Some of the factors which led to selection of w03 were discussed
in this preceding section, Additional factors are identified in the
discussion below.

For high quality composites to be fabricated from metal
compound-phenolic constituents, chemical and processing compatability is
required. The approach used to assess and verify the compatability of
these constituents was to mix candidate metal compounds with the FF-17
phenolic resin and subject the mixture to a programmed time-temperature

cycle representative of that anticipated for the end item composite.

Compatabi1lity was judged by the precance or absence of chemical reaction
as evidenced by foaming and siynificant weight loss. Those candidate
metal compound-resin mixtures were considered compatable which exhibited 7
no foaming or weight loss above that resulting from volatile emission
during resin cure. Mixtures were prepared by blending on a 3 roll paint
mill. The blended mixtures were placed in individual foil cups. The cups
were placed in an air circulating oven preheated to 71°C. The oven was

then heated to 110°C over 3 hr and the temperature then increased at

30%/min to 170%. After visual evaluation and weight changes were
recorded, selected samples were subjected to a 14 hr 1709 postcure to
evaluate the effects of longer cure cycles.

Baseline samples of FF-17 resin with no filler and FF-17 resin with

|

]
|

only Asbury 3376 fillers were included. Metal compounds screened included

M003, MoC, Mozc, MoOZ. N03, HOZ, and V203. Table 5-4 summarizes

the weight changes and visual observations which resulted from this exposure.
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Based on the above cited criteria and the data presented in
Table 5-4, tungstic oxide (H03) was considered to be the most compatable
metal compound meeting the ultimate objective of fabricating specimens
representative of heatshield materials. Tungstic oxide was chosen over
Mozc. which exhibited lower weight loss, for two major reasons: (1)
.here was extensive data for tungsten containing composites derived from
modified polyester resins, and (2) there was evidence available which
indicated the in-situ formation of the tungsten carbide provided a uniform

distribution which was considered desirable for a heatshield.

Table 5-4. Metal Compound FF-17 Compatability Evaluation

Cured Postcuredd
Sample aggzlzl gﬁ:ﬂ": gﬁlg;: -
Identity Mixture (g) (% (%) ;
i
5-1 FF-17 2.535 | -0.92¢ | -1.51 i
7-4 FF-17 + Mo03 36.515 | -2.89d c ;
7-5 FF-17 + 3376b 3.159 | -0.50 - %
7-4 FF-17 + MoO3 + 3376 | 36.720 | -2.76d c
8-8 FF-17 + Mo0, 21.331 | -0.87 | -1.56
8-9 FF-17 + W03 21.433 | -0.77 -1.54
8-10 FF-17 + W0, 21.557 | -0.83 -
8-11 FF-17 + V503 21.468 | -0.82d | -1.34
8-12 FF-17 + MopC 21.309 | -0.72 | -1.39

aBased on initial weight

bAsbury 3376 graphite powder

CNot postcured due to high weight loss during cure
dextensive foaming noted

€Clear, void free casting
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Prepreg-Process Evaluation

The cure characteristics and metal compound-phenolic resin
compatability were described previously in this section. A definition of
the response of the prepreg to cure and postcure processing and of the
resulting laminate to high temperature processing was required prior to
fabrication of the composites from which test specimens would be obtained.

The approach taken to defining the interrelationships between
prepreg, laminate processing, laminate properties and high temperature
processing involved the following steps:

e Prepare a series of prepreg batches with variations in matrix

pickup (FF-17, N03 and Asbury 3376)

¢ Use the prepreg batches to prepare three composites for cure

e Vary the cure and postcure parameters for these composites

e Determinc the physical properties of these composites

@ Remove sections from each composite

@ Pyrolyze the sections and redetermine the physical properties

The weight loss, density and linear shrinkage of FF-17 when exposed
to high temperature was available (Reference 5-5). The weight loss, bulk
density and inear shrinkage of FF-17 is essentially complete at 649°C
as noted in Reference 5-5. Consequently, this information led to exposure
of the composite sections to an inert atmosphere to the following cycle:
23° to 274% in 5 hr, 274°C to 816° in 8.5 hr, held at 816°
for 1 hr. The samples were then cooled to 23°C in the inert atmosphere.

The key resu’t of this assessment was that maximum density, reduced
porosity and minimum shrinkage was obtained when prepreg pickup was
maintained at approximately 51 percent. The prepreg batches were

deliberately fabricated to achieve a high (70 percent) pickup and a lower

5-12




(51 percent) pickup range. As shown in Table 5-5, the composite
fabricated from the lower pickup prepreg had a 7.34 percent reduction in

thickness due to shrinkage in pyrolysis. This is contrasted with a

19 percent reduction in thickness for the composite fabricated from the
70 percent pickup prepreg.

Composite Fabrication

Figure 5-3 summarizes the fabrication processes used for the

o e e e )

composites for thermal conductivity, arc heater and high energy laser test

specimens.,

Prepreg production was successfully accomplished to provide

materials for the composite layup. Typical resin pickup for various

batches of prepreg is shown in Figures 5-4 and 5-5. These figures

sumnarize the results of a study conducted to establish the proper staging g:
for the prepreg based on a mixture of FF-17, tungstic oxide, and Asbury
3376 an W-1i77 fabric. The staging conditions employed for the pie
prepreg used for compoéite fabrication were extended time at elevated
temperatures to achieve reduced prepreg volatile content and gel time.

The staged prepreg was then cut into individual plys. The plys
were stacked into a mold and cured in accordance with the time,
temperature and pressures shown in Figure 5-6.

Figure 5-7 summarizes the postcure cycle used for the metal
containing carbon-carbon composites. L:aminate properties including
density, thickness, and open porosity were determined after the cure and
postcure cycles. These results are summarized at the end of Section 5.2.2.

The graphitization cycle used for the postcured composites is shown
in Figure 5-8. This graphitization was conducted under Tow (g/cmz)

static loads applied by graphite blocks. Application of high pressures
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Figure 5-4. Prepreg Volatile Content Variation with Staging Parameters
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Figure 5-8. Graphitization Cycle for Composites 5 and 6
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would have resulted in inheront Vimitations in maximum composite size and
higher costs for potential heatshield application. As shown in Figure §-3,
the composites were then sectioned, One of the sections was submitted to CVD
Processing. The other section was used to document the as graphitized
composite conditions.

Carbon vapor deposition (CVD) was then conducted on sections of each of
the composites based on FF-17 matrix. Sections of each of the modified

polyester based composites were included in this CVD processing,

Composite Sumnary

Table 5-6 summarizes the constituent; for each of the composites used
in this effort, Table 5-7 summarizes the final oroperties of each of the six
composites before and after CVD processing. As shown in Table 5-7, the
modified polyester based composites had significantly lower open porosities
and higher densities than the FF-17 based compasites after graphitization.
This was expected since the polyester based composites had been graphitized
under high pressure.

However, after CVD processing of the graphitized composites, the
density and open porosity of the FF-17 phenolic and the modified polyester
based composites were within the same range. This is considered to be of
major significance for potential scale-up heatshield sized, economical
composites.

5.3 COMPOSITE PERFORMANCE ASSESSMENT

Individual specimens were machined from the composites fabricated
as described in Section 5.2. These specimens were intended for thermal
conductivity, high energy laser and arc heater convective ablation
evaluations. A specimen identity convention was adopted to provide full
definition of the test type, composite source, processing history and specimen

serial number. This identity convention is presented in Figure 5-9,
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Table 5-6. Composite Constituent Summary
Reinforcement Additive
(omposite Fabric | Precurserd Contentf
Identity Type Style Matrix Type (%)
1 Staple PAN | SWB-8 Polyesterb Mo --
2 Staple PAN | SWB-8 Polyesterb W --
3 Staple PAN | SWB-8 Polyesterb e .-
4 Staple PAN | SWB-8 Polyesterb W 5.3
5 Celiond W-1177 Phenolic W 4.3
6 Celiond W-1177 Phenolic W 4.3
dContinuous PAN graphite fiber
bFurfuryl alcohol modified
CMatrix graphitized in composite
Also contains metal boride
eNo additive
Weight percent metal
5-22
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‘i' I LSpecimen serial number: -1, -2, etc.
e Processing designator:

%{ S = standard

;'é} P = post processed (CVD)
fé} L—— Composite designator:* 1, 2, 3, etc.
_Test cype
%’ﬁ A = arc test
| L = laser test
. T = thermal conductivity test

*See Table 5-5 for constituent definition.

Figure 5-9. Specimen Identity Convention )
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5.3.1 Laser and Arc Heater Specimens

Ten arc heater ablation models were fully machined and mounted in

model holders. These models were machined to provide a 30 degree angle

between the composite laminae and the model test surface.

Additionally, 36 high energy laser test specimens were fully

machined to a configuration suitable for the hole boring test mode.
5.3.2 Thermal Conductivity Assessment

N '»\.._ﬂ....ﬁ U VIR [ e N i

Comparative thermal conductivity was determined on two
representative specimens (Figure 5-10). Specimen T1P-1 is a mo1ybden'm

containing, modified polyester based specimen which had been CVD

processed. Specimen T6P-1 is a tungstan containing, FF-17 phenolic-based
specimen which had also been CVD processed.

ot H .J,‘.* %.»JLJ

Thermal conductivity was determined over a 100 to 500°¢ range.
= The specimen consisted of a 0.750 in. diameter, 0.060 in. thick disc.

Conductivity measurements were conducted in a nitrogen environment.

The close agreement between the thermal conductivity results
provide a further basis for considering metal containing carbon-carbon

composites based on either modified poiyester or phenolic resins to be
viable heatshield candidates.
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SECTION 6
ENTRY HEATING ENVIRONMENTS

A scientific probe entering the Jupiter atmosphere will experience
extremely high heating rates, orders of magnitude higher than that
encountered during manned earth entry. Previous calculations have shown
that a Jupiter probe will lose approximately 25 to 40 percent of its total
weight through severe forebody ablation. A comfortable margin of error in
the calculations would increase the heatshield weight to the point where
the probe could not carry a scientific payload.

Since the heating pulse influences the definition of the heatshield
thickness, an accurate prediction of the time history of both the
radiative and convective heating rates is important. Therefore, all the
important factors'must be included when predicting the heating rates.

Heating rates to the probe surface are influenced by the following
factors:

o Atmospheric mndels and atmospheric structure

o Entry trajectory, including gravitational forces of the planet,

rotation of the planet, and the nonspherical shape of the planet
® Atmospheric composition models, which have an effect on the
thermodynamic, transport, and radiative properties

¢ Probe configuration, including shape, cone angle, mass, and

drag coefficient

6-1
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e Probe entry conditions

e Probe shape change effects
A1l of these factors are to be included in any heating environment
calculation prccedure. Recently, Balakrishnan et al. (Reference 6-1)
reported a parametric study on the effect of these factors on heating
rates. A recently updated atmospheric structure of the planet is used in
this study, and the effect of the atmospheric structure on the convective
and radiative heating is investigated.

According to Reference 6-1, the trajectory calculations performed
were for a spherical planet. However, the planet Jupiter is not an exact
sphere in shape; rather, it is an oblate spheriodal planet. The effect of
a nonspherical shape of the planet on the entry trajectory parameters such
as freestream velocity, density, altitude, and time is also studied.

The cold wall radiative heating to the wall is calculated by an
approximate method in Reference 6-1. In that approach, the entire shock
layer is assumed to be uniform and the conditions behind the shock are
used for computing radiative heat fluxes. However, for probes that have
smaller cone angles, ec = 45°; the assumption of uniform shock layer
leads to a significant error in the heating rates. Section 3 presented
tne effect of entropy layer on convective heating. In this section, the
effect of entropy layer which leads to nonuniform shock layer conditions
are analyzed for a particular time during the trajectory.

This section is divided into three subsections. Section 6.1
presents the effect of atmospheric structure on heating rates; Section 6.2
discusses the effect of nonspherical shape of planet on entry trajectory;
and Section 6.3 illustrates the influence of entropy layer on radiative

heating.
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6.1 EFFECT OF ATMOSPHERIC STRUCTURE ON HEATING RATES

Recently, NASA-Ames Research Center suggested new model atmospheres
for Jupiter based on the data obtained by the latest Pioneer 10 and
Pioneer 11 missions and earth-based experiments. The mode! atmospheres
were proposed by Orton (Reference 6-4). Last year, NASA-Ames, on the
basis of Hunten (Reference 6-3) proposed an interim model atmosphere. The
parametric calculations reported in Reference 6-1 were performed with the
Hunten model atmospheres. Figure 6-1 compares the pressure-altitude
relationship for nominal model atmosphere proposed by Orton and Hunten.

As shown, at high altitudes (above 300 km) there is a significant
difference between the two models. Figure 6-2 shows the variation of
tempersture with altitude for the two model atmospheres. For comparison
purposes, only nominal model atmosphere is considered. The two models
proposed only changes to the atmospheric structure; the atmospheric
composition was not altered. For example, both the models assume that the
Jupiter nominal model atmosphere consists of 89 percent by volume of
hydrogen and the remaining 11 percent helium.

Figure 6-3 compares the pressure-temperature relationship for the
nominal model atmosphere. The Orton mode' is shown along with the mode!
proposed by Hunten and an earlier atmosphere mode! available in Reference
6-2. As shown, significant differences exist between the three models.

The Aerotherm-developed Trajectory-Heating Environment
Techniques/Analysis (THETA) (Reference 6-1) was modified to calculate the
trajectory and the heating rate history. The THETA code uses input tables
of altitude versus pressure, temperature and density. For the Orton
model, from the table of above quantities supplied to us by NASA-Ames, the

input to THETA code was constructed.
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Figure 6-4 shows the effect of mode) atmosphzre on the entry
trajectory. Probe configuration and entry parameters were supplied by
NASA-Ames. Table 3-2 summarizes the probe configuration and entry
parameters used in the calculations. As shown, the effect of atmospheric
structure on the trajectory parameters is ratner small since, as shown in
Figures 6-1 and 6-2, the model atmospheres proposed by Orton and Hunten
differ significantly only above 350 km altitude. During the entry
trajectory, the relative entry velocity is not affected until the probe
descends to an altitude of about 400 km. Significant deceleration of the
probe occurs only in the altitude region between 150 to 50 km range.

Figure 6-5 presents the effect of model atmosphere on cold wall
radiative heating at the stagnation point. Figure 6-6 gives results for
the convective heating rate. The calculated results show that the effect
of model atmosphere structure on the heating rates is smali. Only a
5 percent increase in radiative heating rate is seen; the convective
heating rate increases by about 2 percent. A similar trend is noticed at
other streamwise locations.

In summary, differences in the model atmospheric structure of the
planet has a negligible effect on entry trajectory and on cold wall
radiative and convective heating rates.

6.2  ENTRY TRAJECTORY MODIFICATIONS

The Aerotherm-developed THETA code uses a trajectory calculation
scheme to estimate the local value of frcestream auantities such as
velocity, density, and altitude as a function of entry time. The
trajectory computational procedure solves the governing equations of
motion that consider gravitational effects of the atmosphere and angular

rotation of the planet. Reference 6-1 describes in detail the governing

6-7




&’\

Freestream velocity (km/s)

50

“
&
\3
b
;
Orton model
40 I~
Jupiter nominal
model atmosphere
Probe half_cone
angle = 45°
Inertial entry
0~ Angle v, = -9°
Velocity Vi = 60 km/s
Hunten __.\
20
0 i ] |
1073 1074 103 1072

Freestream density (kg/m3)

Figure 6-4. Effect of Model Atmosphere on Entry Trajectory

6-8

. T



e

o ™,

L

|
JWNWW {)

. “, ), .
DA 7 sasee N e

N e et et e

dieos -

I

SO

b

Cold wall radiative heating rate (Kw/cmz)

60

50

40

30

20

10

Jupiter nomina) mode) atmosphere
cold wall radiative heating rate
stagnation point N\

AS/A-947

Probe half cone angle = 45°
— Inertial entry angle = -9°

Inertial entry velocity = 60 km/s

Orton mode! ——p/

Hunten mode?

Al 1
v

0 80 90 100 110 120

Time from entry at 1000 km (sec)

Figure 6-5. Effect of Model Atmosphere on Stagnation Point

Cold Wall Radiative Heating Rate

6-9

A e . e e B

o e



E
-

) s
T

ST T

P A .

N

J‘\/""z-'g"—fﬂ—v‘w‘% '

S e

Cold wall convective heatin

g rate

(Kw/cm?)

20
Jupiter nominal model atmosphere §
cold wall convective heating rate &
stagnation point W
X
Probe half cone angle = 45°
Inertial entry angle = -9°
10 Inertial entry velocity = 60 km/s
Orton model — .,
- — —
— [ —
0| 1 = — = | |
0 80 90 100 110 120

Time from entry at 1000 km (sec)

Figure 6-6. Effect of Model Atmosﬂhere on Stagnation Point

Cold Wall Convectivz Heating Rate

6-10




equations of motion, the solution technique, and compares the results
obtained with other trajectory calculation procedures. However, the above
work assumed the planet to be spherical in shape and used an effective
mean radius for the planet.

It was receatly shown ¢* t the above assumption introduced errors
in the calculated entry quaucities. This work was undertaken to modify
the trajectory calculational procedure described in Reference 6-1, and to
treat the planet to be an oblate spheriod.

The required modifications were rather minor. Instead of assigning
a mean value for the radius of the planet, it was calculated, based on the

latitude, minor and major radii of the planet. The equation used was

2 2\-1
" ‘./(c..o.s'f'_t_) .(?'"’1) (6-1)
J . R .
RmaJor minor,

where OL is the latitude in degrees, R

ma jor is the radius of the

planet along the major axis, R is the radius of the planet along

miror
the minor axis, and RJ is the radius of the planet Jupiter.

With this modification, trajectory calculations were performed for
an entry into the nominal model (Orton) atmosphere. The probe configuration
and entry parameters were tabulated in Table 3-2. Figures 6-7 and 6-8 show
the effect of nonspherical nature of the nlanet on freestream velocity and
density, respectively.

As shown, the spherical shape mode! of the planet introduces time
lag in the time versus velocity/density calculations. For this particular

case, the time difference between a spherical planet and nonspherical

planet is roughly 6 sec. The present results given in Figures 6-7 and 6-8
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are compared with other trajectory calculational procedures, such as POST

(Reference 6-5) where the agreement was good.

6.3  COMPARISON OF COLD WALL RADIATIVE HEATING @\LCULATIONS 9t
The cold wall radiative heating to the wall in the THETA code is 1

caluclated by an approximate method. This method, for a particular y
trajectory point of interest, determines the specific shock layer T 1

conditions. These conditions, assumed to be uniform in the shock layer, a
34 \

are then used to obtain the radiative fluxes from a table of fluxes

computed by RADICLE code (Reference 6-7). These tables are for a matrix 72

of pressure, erthalpy, and shock standoff distances. These fluxes are

then corrected for adiabatic cooling. The cooling correction factors were
generated on the basis of benchmark solutions obtained by the RASLE code
(Reference 6-8). However, at the time of preparation of THETA code,
benchmark solutions by RASLE code was available only at the stagnation
point. Therefore, the cooling corrections used in THETA code was based on
stagnation point results.

Recently, benchmark solutions with the RASLE anc HYVIS codes
(Reference 6-6) were made available. Figure 6-9 compares the cold wall
radiative heating distribution around the body calculated by the benchmark
type code (HYVIS) and by approximate type code (THETA), and the marked
differences in the heating rates between the two procedures were noticed.
Since the approximate type codes are used for parametric design studies,
it was important to be discreet with the results. This study was
undertaken to find out the reasons for the large differences between the
two codes.

As seen in Figure 6-9, the cold wall radiative heating rates,

computed by the two codes, at and near the stagnation point up to a s/RN
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value of 0.4 are nearly equal. However, for values of s/RN larger than
0.4, the heating rates between the two codes differ by a factor of 2. To
analyze the differences, a particular streamwise location, s/RN = 0.79, ' i ’

was selected.

e, B S R o
P &__;f_/v*‘wv,. A r‘-—"‘.:,: :

Moss (Reference 6-6), using the HYVIS code, solved the thin shock
layer equations and obtained the temperature and pressure distributions in "~:‘
the shock layer. Figure 6-10 presents the shock layer properties, for the
selected trajectory point, as obtained by Moss. In addition, Figure 6-10
shows the shock layer conditions obtained by the THETA code; the shock t
layer is assumed to be uniform in the THETA code. According to the HYVIS
code, most of the shock layer is at a higher temperature compared to the
shock (surface) temperature. This is due to the entropy layer and its y
effect was considered in detail in Section 3.

From Figure 6-10, it can be also seen that the entropy layer does

not markedly affect the pressure distribution in the shock layer.
Therefore, the assumption of uniform pressure in the shock layer is valid;
however, the assumption of uniform temperature is not valid. The higher
temperature entropy layer contributes significantly to the radiative flux.

To check the computations of HYVIS, the temperature and pressure

distributions in the shock layer are input into the RADICLE code.

Assuming that the shock layer is nonuniform, and using the shock standoff
distance calculated by the HYVIS code, the RADICLE code was used to
predict the radiative flux to the wall equaled to 105 MN/m2 which
compared well with that predicted by HYVIS, which was equal to

’;k 107.2 Mw/mz. Figure 6-11 illustrates the results. Though there are

differences in the spectral radiative heat fluxes to the wall, the

integrated values agree reasonably well., Figure 6-11 compares only the
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continuum spectral fluxes. Similar agreement for line spectral fluxes
were also obtained.

In summary, this study indicated that the uniform shock layer
assumption leads to erroneous results. The nonuniformity in the shock
layer results because of the entropy layer. The available approximate
computer codes to predict the radiative heating rate history are to be
modified to include the entropy layer affects.
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